Abstract-Rolling
I. INTRODUCTION
Rolling Rocket/Shell (RR/S) is rolling about on its longigudinal axis at a high roll rate. For it can overcome the falling point deviation caused by asymmetry of aerodynamic appearance and mass eccentricity, etc, RR/S is widely applied to army weapon equipment at home and abroad [1] . Now it has been an important firepower suppression instrument. But at the same time, owing to the trajectory affected by the factors of the launcher inclination, the initial disturbance and the atmospheric environment, etc, the traditional unguided RR/S has disadvantages of firing accuracy and falling density.
With the technique development sensor, inertial navigation, computer and simulation, etc, has become the urgent demand that RR/S realizes the guidance control. And compared with other navigation technology, the inertial navigation is an independent system which won't bring electromagnetic radiation and be affected by light or electricity of outside environment. Considering the application condition, we use a non-holonomic IMU which is composed of 3 orthogonal import rate gyroscopes as the navigation equipment of the RR/S.
For that RR/S realizes the guidance control, we must research the spatial attitude of RR/S [2] . As we know, it is very costly to get the data of the attitude by launch examination. In this paper, we use 902E-1 two-axis turntable to simulate the spatial attitude of RR/S and use IMU which will be used on the RR/S to measure the 3-axis angular rate of the turntable. By comparing the output data of the turntable and the IMU, we can validate whether the performance of the IMU satisfies the attitude algorithm demand of RR/S. This semi-physical simulation can assure the credibility and the objectivity of the conclusion [3] .
II. REFERENCE FRAMES
Before describing the attitude algorithm principle, some reference frames that will be used in the paper are needed to be described. In the body reference frame, the origin is at the RR/S center of mass, while the Oz axis and the other axes satisfy the right hand right-angle frame.
A. Launch Reference

D. Attitude Description of RR/S
The real-time spatial attitude of RR/S can be ascertained by the relation between the navigation reference frame and the body reference frame. We make the origins of the two frames superposition, transform navigation reference frame three times, and we can get the spatial attitude of RR/S by three Euler angles which are rotation angle γ , pitch angle θ and yaw angle φ . The frame transformation is shown as Fig. 1 . 
III. ATTITUDE ALGORITHM PRINCIPLE
The non-holonomic IMU is fixed on the turntable with the condition of the axes of IMU and the turntable which are assured to be aimed by a tool. When the turntable is rolling or swaying, the 3-axes angular rate output in the body frame of IMU at t time is:
The sampling time of data collection processing circuitry is h (ms). With the condition of algorithm precision and speed, we adopt the method of four-sample rotation vector algorithm. For the algorithm has smaller errors and quicker operation speed, it suits to be applied project algorithm [4] [5] .
Δθi (i=1, 2, 3, 4) is defined as the incremental angle output of gyros in the quarter of the sampling time h:
For ω(t) is constant from t to (t+h), Δθi (i=1,2,3,4) can be changed into the following equation: 
Using (4) and (5), the attitude transformation quaternion q(h) can be obtained as follows:
Using (6), the quaternion Q (t+h) at time (t+h) is given derived by the quaternion Q(t) at time t as follows: 
The Q (t+h) must be unitarily processed: With the condition of the simulation in this paper, the quaternion:
Using (1) 
And the real-time attitude angular can be obtained by: 
902E-1 two-axis turntable is composed of a mechanical bed and an electrical control system. The turntable is a digital servo control system, which adopts DSP motion controller to a real-time control and adopts embedded computer to a motion control. The minimum system requirement is Windows 2000.
The mechanical bed is composed of a T-structure chief axis and a U-structure pitch axis which can be used to calibrate the north reference. The electrical control system which is a double closed loop control system adopts an angular encoder as the feedback component of the angular position and the angular rate.
The encoder exports a quadrate pulse signal and a reference signal, which relate to the angular displacement of the turntable, to the DSP motion controller. The increment angular position which is decoded by the quadrate pulse signal is compared with the command signal. The error which is processed by the digital PID filter is converted to the emendation signal by the D/A circuit. The signal process forms an angular position closed loop control system. The angular rate signal which is processed exports to the servo control circuit and it forms an angular rate closed loop control system. The control principle is shown as Fig. 2 . The turntable can simulate the spatial attitude of different inertial sensors and navigation system by providing the motion of high precision angular position and angular rate [6] . The turntable very adapts to the simulation, calibration and steady-state & dynamic test of IMU. The key technology parameter is shown in Table 1 .
V. NON-HOLONOMIC INERTIAL MEASUREMENT UNIT
Inertial Measurement Unit has the excellence of high precision, small volume, low cost and disturbance proof. The non-holonomic IMU can measure the 3-axis angular rate of RR/S in the body frame by fixing the inertial sense organs (gyroscopes) in the body of RR/S. Then calculating by computer plat, the system can detect and give a real-time attitude angle deviation of RR/S. The control circuit changes the deviation signal into attitude control signal which can control the attitude engine work and improve the RR/S falling point precision.
In this paper, we use the XJGZ-3 IMU which is produced by Beijing SinsTek Corporation Ltd. The XJGZ-3 is consisted by a static piezoelectric gyroscope, two MEMS gyroscopes and data collection processing circuitry, with the characters that widely measured range low cost and small volume, applying to measure RR/S's 3-axis angular rate attitude. The key technology parameter is shown in Table 2 . 
A. Algorithm Simulation Flow
We use MTLAB as the software simulation tool. The MTLAB provides a high-level programming language, an interactive technical computing environment, and functions for: algorithm development, Data analysis and visualization, Numeric computation .
The name MATLAB stands for matrix laboratory. MATLAB was originally written to provide easy access to matrix software developed by the LINPACK and EISPACK projects. Today, MATLAB engines incorporate the LAPACK and BLAS libraries, embedding the state of the art in software for matrix computation.
Simulink is a software package for modeling, simulating, and analyzing dynamic system. It supports linear and nonlinear systems, modeled in continuous time, sampled time, or a hybrid of the two. Systems can also have different parts which are sampled or updated at different rates.
After defining a model, we can simulate it, using a choice of integration methods, either from the Simulink menus or by entering commands in the MATLAB Command Window. The menus are particularly convenient for interactive work, while the command-line approach is very useful for running a batch of simulations. Using scopes and other display blocks, the results can be read while the simulation is running. In addition, many parameters can be changed and see what happens for "what if" exploration. The simulation results can be put in the MATLAB workspace for post processing and visualization. Model analysis tools include linearization and trimming tools, which can be accessed from the MATLAB command line, plus the many tools in MATLAB and its application toolboxes. And because MATLAB and Simulink are integrated, which make it is able to simulate, analyze, and revise models in either environment at any point. Before describing the attitude algorithm principle, some reference frames that will be used in the paper are needed to be described [7] .
The simulation flow is shown as Fig. 3 . 
B. Mathematical Simulation 1) Input Conditon
The input condition of the mathematical simulation must simulate the motion of the turntable truly. According to the working condition of the turntable, we can ascertain the turntable motion equation as follows.
The chief axis angular rate motion equation is:
(10) The pitch axis angular rate motion equation is:
(11) While n is the rev of the chief axis, A is the swaying amplitude of the pitch axis, and ω is the swaying frequency of the pitch axis.
When the turntable is swaying about its pitch axis, it is rolling about its chief axis. (12) Using (12) and the attitude algorithm principle, we can get the real-time spatial attitude of RR/S in the complex motion which is composed of the rolling and swaying motion.
The mathematical simulation is designed as in Fig. 4 . 
2) Mathematical Simulation Results
We set that the IMU is fixed on the turntable as follows: The The mathematical simulation results are shown in Fig.  5 ~ Fig. 8 . The results prove that if the measurement errors of the gyroscopes can be neglected, when we change the rolling angular rate of the RR/S, the swaying amplitude and the swaying frequency of the RR/S, there is some angle error in the real-time yaw angle. And due to the calculation error, the error increases with time. In 10s, it is about 1°, and we consider that it can satisfy the requirement of the system.
C. Semi-Physical Simulation
The IMU is fixed on the turntable as follows: The The turntable motion condition is:
(1) The chief axis is rolling at 360°/s; the pitch axis is swaying at 0.5Hz, and the swaying amplitude is 0.5°.
(2) The chief axis is rolling at 720°/s; the pitch axis is swaying at 1Hz, and the swaying amplitude is 0.5°.
(3) The chief axis is rolling at 2520°/s; the pitch axis is swaying at 1Hz, and the swaying amplitude is 2.5°.
(4) The chief axis is rolling at 3600°/s; the pitch axis is swinging 5°.
The output of the turntable and the simulation results of the IMU are shown in Fig. 9 ~ Fig.16 as follows: The semi-physical simulation results prove that when the RR/S simulates the complex motion, which is composed of the rolling and swaying motion, according to the attitude algorithm principle in this paper, we can obtain the right real-time spatial attitude angles. There is some large error in the results. For there is cross-coupling error when the IMU is fixed on the turntable, and the gyroscopes have stochastic shifting error and nonlinear error, when the turntable is rolling as a high angular rate, the swaying motion will take some error in the pitch angle and yaw angle. How to improve the accuracy will be studied in the future.
VII. CONCLUSION This paper introduced an effective way to make a semi-physical simulation of RR/S attitude algorithm. The semi-physical simulation results show that: the semiphysical simulation method can model the spatial attitude of RR/S truly. And this method can validate whether the performance of the IMU satisfies the attitude algorithm demand of RR/S. Also it provides a way to compare the precision and calculation efficiency of different attitude algorithm.
